When the T cell antigen receptor (TCR) binds an antigen, the immuno receptor tyrosinebased activation motifs (ITAMs) in the TCR associated CD3 chains are phosphorylated by the tyrosine kinase Lck. That allows recruitment and activation of the tyrosine kinase Zap70 that in turn phosphorylates the transmembrane adaptor Lat. After its many tyrosine residues are phosphorylated, Lat provides dock ing sites for downstream effectors and nucleates the assembly of a multiprotein complex known as the 'Lat signalosome' 1,2 . One protein recruited by Lat is the cytosolic adaptor SLP76 (LCP2). By recruiting enzymes and other adaptors into multiprotein complexes that amplify and diversify TCR signals, both Lat and SLP76 are essential for the activation of T cells.
When the T cell antigen receptor (TCR) binds an antigen, the immuno receptor tyrosinebased activation motifs (ITAMs) in the TCR associated CD3 chains are phosphorylated by the tyrosine kinase Lck. That allows recruitment and activation of the tyrosine kinase Zap70 that in turn phosphorylates the transmembrane adaptor Lat. After its many tyrosine residues are phosphorylated, Lat provides dock ing sites for downstream effectors and nucleates the assembly of a multiprotein complex known as the 'Lat signalosome' 1, 2 . One protein recruited by Lat is the cytosolic adaptor SLP76 (LCP2). By recruiting enzymes and other adaptors into multiprotein complexes that amplify and diversify TCR signals, both Lat and SLP76 are essential for the activation of T cells.
Given the model outlined above, ablation of Lat would be expected to prevent the propagation of all TCR signals by blocking recruit ment of SLP76 to the plasma membrane. However, the phospho rylation of a large number of proteins (including SLP76 and the serinethreonine kinase PKCθ) and activation of the Akt signaling pathway remain unaffected after the engagement of TCRs expressed on CD4 + T cells deprived of Lat [3] [4] [5] . Likewise, some cytotoxic activity still occurs in Latdeficient CD8 + T cells 6 . Those results raise the issue of the nature of the cellsurface receptor that is able to recruit SLP76 in the absence of Lat and permit its TCRinducible phosphorylation. Together with other results, they indicate that understanding of the molecular networks that underlie membraneproximal signal process ing after engagement of the TCR is incomplete. Most proteins, and signaling proteins in particular, act in the context of complexes with other proteins. Thus, knowledge of the composition and dynamics of signaling complexes is key to understanding the mechanisms of cellular information processing 7 .
Affinity purification coupled with mass spectrometry (APMS) allows highly sensitive and robust systematic analysis of protein complexes and proteininteraction networks under physiological conditions 8, 9 . Published attempts to delineate the complexity of TCR mediated activation of T cells through mass spectrometry have relied on the analysis of transformed T cell lines 10, 11 . Such cell lines lack key signaling proteins 12 , a feature that precludes generalization of the conclusion of those studies to normal T cells. Here we combined mouse genetics and quantitative proteomics to obtain unbiased and comprehensive information on the signaling networks engaged in membraneproximal TCR signaling in normal T cells. Specifically, we developed a series of mice bearing a genetic tag that permits APMS analysis of endogenous signaling complexes containing Zap70, Lat and SLP76, isolated from primary CD4 + T cells. Our efforts resulted in the identification of a membraneproximal TCR signaling network that consists of 90 signaling proteins linked via 112 highconfidence interactions. Most of those interactions have not yet been described in the literature, to our knowledge. We also obtained quantitative insights into the temporal reorganization of complexes that associate with Zap70, Lat and SLP76 after the activation of CD4 + T cells. By combining that proteininteraction network with biochemi cal and genetic analysis, we demonstrated that upon engagement of the TCR and phosphorylation by Zap70, CD6 (a 100 to 130kilodalton type 1 transmembrane glycoprotein expressed at the surface of T cells that has a long intracytoplasmic extension) constituted the 'miss ing' scaffold that permitted recruitment of SLP76 and the guanine nucleotide-exchange factor Vav1 and the initiation of a Latindependent signaling pathway.
RESULTS

Gene-targeted mice suitable for proteomics analysis
To understand how information is generated and propagated through the membraneproximal TCR signaling pathway of primary mouse T cells and to identify previously unknown components in this path way, we generated three lines of genetargeted mice that express a OneSTrEPtag (OST) for affinity purification 13 at the carboxyl terminus of endogenous Zap70, Lat and SLP76 ( Supplementary  Fig. 1a-f) . As we will extensively describe below for SLP76 and outline for Zap70 and Lat, these genetargeted mice allowed the analysis of primary T cells by APMS. Immunoblot analysis of thymocytes and splenocytes from mice homozygous for alleles encoding OSTtagged SLP76 (Lcp2 OST/OST (also known as B6Lcp2 tm2Mal ); called 'Slp76 OST mice' here) and from wildtype mice showed that the addition of the 29-amino acid OST sequence resulted in SLP76-OST protein with a higher molecular weight than that of wildtype SLP76 and had no effect on SLP76 expression (Supplementary Fig. 1b) . Analysis of the thymus of Slp76 OST mice showed a normal sequence of T cell development, and Slp76 OST spleen contained normal numbers of γδ T cells, CD4 + T cells and CD8 + T cells with a normal phenotype (Fig. 1a,b) . Comparison of CD4 + T cells and CD8 + T cells purified from wildtype and Slp76 OST mice and then stimulated with antibody to CD3 (antiCD3) in the presence or absence of antiCD28 showed that SLP76-OST had no detrimental effect on their proliferation (Fig. 1c) or production of interleukin 2 (IL2) (Fig. 1d) . Wildtype and Slp76 OST T cells also showed a similar pattern of intracellular calcium mobilization after engagement of the TCR (Fig. 1e) . In con trast to the expression of SLP76-OST and Zap70OST, LatOST expression was 25% that of wildtype Lat ( Supplementary Fig. 1d,f) . Analysis of developing and mature T cells from mice homozygous for the Zap70 OST or Lat OST allele (called 'Zap70 OST mice' or 'Lat OST mice' , respectively) showed that both Zap70OST and LatOST functioned properly ( Supplementary Figs. 2 and 3) . Therefore, CD4 + T cells from Zap70 OST , Lat OST and Slp76 OST mice were normal. (Fig. 2a) . Immunoblot anal ysis of tyrosinephosphorylated proteins showed that before and after activation, protein complexes were efficiently purified from Slp76 OST CD4 + T cells with Sepharose beads coupled to StrepTactin, a strepta vidin derivative that binds with high affinity to the OST sequence (Fig. 2b) . As expected, we recovered no material from wildtype CD4 + T cells (Fig. 2b) . To achieve maximal T cell responses, we also used the tyrosinephosphatase inhibitor pervanadate as a surrogate for stimulation with antiCD3 plus antiCD4 (ref. 14) . Akin to stimula tion with antiCD3 and antiCD4, treatment of Slp76 OST CD4 + T cells for 30, 120 and 300 s with pervanadate induced robust association of several tyrosinephosphorylated species with SLP76-OST, whereas we did not detect such associations in samples from wildtype CD4 + T cells (Fig. 2c) . There was extensive overlap of protein complexes that assembled around SLP76-OST after stimulation with pervanadate or with antiCD3 and antiCD4 (Fig. 2d) Fig. 4 ). We identified proteins with a falsediscovery rate of <1%. To distinguish truly interacting proteins from nonspecific contaminants, we compared our data with control purification experiments with wildtype CD4 + T cells, based on normalized spectral count values 15 . Furthermore, we required that truly interacting proteins be present in at least two of three experiments (Supplementary Table 1 ).
Combining the highconfidence interaction data obtained for the Zap70, Lat and SLP76 complexes purified before and after various durations of CD4 + T cell activation, we identified a network of 90 unique proteins (including the three 'baits') that were connected via 112 interactions ( Fig. 3 and Supplementary Table 1) . A fraction of the proteins identified associated with more than one 'bait' ('shared interactome'; Fig. 3 ). We found a large spectrum of functional activ ities among the 90 proteins identified, including protein and lipid kinases, protein and lipid phosphatases, regulators of the activity of small protein G, ubiquitin ligases and phospholipases (Fig. 3) . The Zap70-Lat-SLP76 protein network showed substantial enrichment for proteins containing Srchomology 2, Srchomology 3 and pleck strinhomology domains (Supplementary Fig. 5a ), which suggested a multitude of proteinprotein and proteinphospholipid interactions. In T cells activated by antiCD3 and antiCD4, the resulting SLP76 interactome largely overlapped that observed after stimulation with pervanadate ( Fig. 2d and Supplementary Table 1) .
Dynamics of the Zap70, Lat and SLP-76 interactomes Among the 90 proteins that constituted the Zap70-Lat-SLP76 net work, 73% qualified for labelfree quantitative analysis, which allowed us to quantify the kinetics of their assembly with and disassembly from the 'baits' after T cell stimulation (Fig. 4) . Over the first 300 s of stimulation, protein assemblages of increasing complexity formed around Zap70, Lat and SLP76. The adaptor GRAP2 (GADS) was the sole protein that associated constitutively with SLP76, a find ing consistent with its reported ability to bind to SLP76 with high affinity and in a constitutive manner 16 . We observed a similar trend for several partners that interacted with Lat, including the guanine nucleotide-exchange factor DOCK2, the transferrin receptor TFR1 and the GTPase GVIN1 (cluster C2). A subset of proteins showed max imal association with Lat or Zap70 only 30 s after stimulation (cluster C1). Among those 'early binders' , the guanine nucleotide-exchange factors Vav1 and DOCK10 had a transient pattern of binding that peaked 30-120 s after stimulation. The binding of several proteins npg (for example, PLCγ1, GRB2, Themis, PI(3)KR1 and SOS) to Lat and SLP76 reached a plateau 120 s after stimulation (cluster C3). The cytosolic protein Themis belonged to cluster C3, which confirmed the fact that it acts during early TCR signaling. Phosphorylation of SLP76 and GADS by the serinethreonine kinase MAP4K1 (HPK1) induces their interaction with members of the 1433 family of adaptors and results in their uncoupling of SLP76 and GADS from Lat 17, 18 . As expected for such a negative feedback loop, SLP76 began interacting with MAP4K1 and with the ε, γ, τ and ζisoforms of the 1433 family only after 120 s of stimulation. Together, these quantitative data provide the first systematic view, to our knowledge, of the tem poral reorganization of the Zap70-Lat-SLP76 protein network after the stimulation of primary CD4 + T cells and represent a resource for future functional experiments on the mechanism of membrane proximal events linked to T cell activation.
Cell-surface receptors in the Zap70-Lat-SLP-76 network Many cellsurface receptors associate with intracellular effectors and scaffold proteins. In addition to containing the TCR, the Zap70-Lat-SLP76 protein network contained several transmembrane receptors expressed at the surface of CD4 + T cells. Congruent with its ability to bind to the phosphorylated ITAM in CD3 subunits, Zap70 was the sole 'bait' in complex with the six subunits of the TCRCD3 complex after activation (Fig. 3) . Moreover, the Zap70 interactome included the integrin α L chain ITGAL that together with ITGB2 forms the integrin LFA1 (Fig. 3) , a finding consistent with a published report 19 . 
npg
As documented before for the human Jurkat T cell line 20 , the transfer rin receptor TFR1 (CD71) interacted with Zap70, and we also found that it formed complexes with Lat (Fig. 3) . Likewise, the surface recep tor LY9 (CD229; SLAMF3) also associated with both Zap70 and Lat (Fig. 3) . It remains to be demonstrated, however, whether the recep tors CD71 and CD229 at the surface of primary CD4 + T cells con tribute signals via Zap70 and Lat in concert with or independently of the TCR.
CD6 associates with SLP-76 in primary T cells As discussed above, engagement of the TCR results in the phospho rylation of SLP76 in T cells deprived of Lat [3] [4] [5] , which suggests that transmembrane adaptors or receptors distinct from Lat are also able to recruit SLP76 following T cell activation. Analysis of the SLP76 interactome showed that the surface receptor CD6 was able to associ ate with SLP76 within tens of seconds after T cell stimulation (Figs. 3 and 4 and Supplementary Tables 1 and 2). Moreover, we found that CD6 rapidly associated with the Zap70 'bait' after T cell stimulation ( Figs. 3 and 4) .
To confirm by immunoblot analysis the ability of CD6 to associ ate with SLP76 after the activation of primary T cells, we isolated CD4 + T cells from Slp76 OST mice and left the cells unstimulated or stimulated them with pervanadate for up to 300 s. Affinity purifi cation of the corresponding lysates with StrepTactin-Sepharose beads followed by immunoblot analysis confirmed that the SLP76 'bait' was able to rapidly bind to CD6 in an activationdependent manner (Fig. 5a) . Consistent with the constitutive SLP76-GADS association we observed by quantitative mass spectrometry, the SLP76 'bait' associated equally with GADS before and after stimulation (Fig. 5a) . Notably, stimulation of CD4 + T cells with antiCD3 and antiCD4 also resulted in the rapid docking of the SLP76 'bait' on CD6 (Fig. 5b) . Moreover, reciprocal immunoprecipitation with anti CD6 independently confirmed the association of CD6 with SLP76 after stimulation with antiCD3 and antiCD4 (Fig. 5c) . Consistent with published studies 21, 22 , we found that CD6 underwent tyrosine phosphorylation after stimulation with antiCD3 and antiCD4 (Fig. 5d) . Vav1 also associated with CD6 after stimulation with anti CD3 and antiCD4 (Fig. 5e) . Therefore, engagement of the TCR expressed in primary CD4 + T cells resulted in the phosphorylation of CD6 and in its association with SLP76 and Vav1. As suggested by surface plasmon resonance, the CD6-SLP76 association involves the direct recognition, by the Srchomology 2 domain of SLP76, of a phosphorylated peptide that encompasses the tyrosine residue at position 662 of the CD6 cytoplasmic segment 23 .
Lat SLP-76  1433T  DOC10  ARHG6  ENPL  CDN1  TADBP  LY9  GPX1  TLN1  GVIN1  OST48  CMCT  IF2B  TAP2  DOCK2  STAT1  DNJA1  VDAC3  RPN2  IMB1  TFR1  VDAC1  GRAP  GRB2  M4K1  PLCG1  3BP2  THMS1  P85A  SLP76  SOS1  UBS3A  CBLB  DYN2  RASL3  ZCCHV  NSUN2  SHIP1  WIPF1  SF3B4  VAV   C3   C2   C2  C1   C1   0   C3   C4   Zap70   1433E  1433Z  1433T  1433G  M4K1  LAT  PLCG1  GRAP  NP1L4  GRB2  UBS3A  SKAP2  GRAP2  CD6  FYB  SKAP1  VAV   LY9  PPAC  CD3D  CD3E  CD3G  TVB4  TVB5  CDC37  CD3Z  TCA  RHOH  TVB7  DOCK2  STAT1  TVB6  CD6  PSME3  RCC2  TADBP Fig. 6a ), we transfected them to express surrogate TCRCD3 complexes consisting of chimeric constructs of the extracellular and transmembrane regions of the human cytokine receptor CD25 (IL2Rα) fused to the cytoplasmic region of mouse CD3ζ (CD25ζ) [26] [27] [28] . The resulting E6.1CD25ζ, P116CD25ζ and JCaM2.5CD25ζ cells expressed identical amounts of CD25ζ (Supplementary Fig. 6b) , which permitted the delivery of equivalent amounts of ITAMmediated signaling upon crosslinking with antiCD25 (Supplementary Fig. 6c ). Because of their expression of variable amounts of CD6, we further transfected the E6.1CD25ζ, P116CD25ζ and JCaM2.5CD25ζ cells with cDNA encoding human CD6 and selected transfectants (E6.1CD25ζCD6, P116CD25ζCD6 and JCaM2.5CD25ζCD6 cells) with similar surface expression of CD6 (Supplementary Fig. 6b ). After stimulation with antiCD25, E6.1CD25ζCD6 cells showed the expected pattern of induced phosphorylated species 26 (Fig. 6a) . Immunoprecipitation with anti CD6 followed by immunoblot analysis with antibody to phospho rylated tyrosine showed that CD25ζ signaling strongly enhanced the basal phosphorylation of CD6 observed in E6.1CD25ζCD6 cells (Fig. 6b) . Comparison of E6.1CD25ζCD6 cells and Zap70 deficient P116CD25ζCD6 cells demonstrated that both the basal tyrosine phosphorylation of CD6 and the CD25ζinducible tyrosine phosphorylation of CD6 strongly depended on the expression of Zap70 (Fig. 6b) . Moreover, in the absence of Zap70, there was no CD25ζinducible association between CD6 and SLP76 (Fig. 6b) . Therefore, the CD6Zap70 interaction documented in APMS experiments (Figs. 3 and 4) was functionally relevant in that the expression of Zap70 was mandatory for triggering maximal tyrosine phosphorylation of CD6 upon crosslinkage of CD25ζ, thereby permit ting CD6 to recruit SLP76.
Lat is dispensable for the CD6-SLP-76 association
We next investigated whether the TCRinducible association between CD6 and SLP76 occurred in the absence of Lat. Comparison of the pattern of CD25ζinducible tyrosinephosphorylated pro teins present in E6.1CD25ζCD6 and JCaM2.5CD25ζCD6 cells showed that only a few phosphorylated proteins (including Lat) were absent from the Latdeficient JCaM2.5CD25ζCD6 cells (Fig. 6c) , a result reminiscent of data obtained with primary T cells deprived of Lat 4, 5 . Notably, after crosslinkage of CD25ζ, CD6 was still able to associate with SLP76 in the absence of Lat (Fig. 6d) . To confirm that result in primary CD4 + T cells, we took advantage of a genetic system that permits inducible ablation of Lat in mature CD4 + T cells 4 . We thus made CD4 + T cells deficient in Lat and stimulated the cells with antiCD3 and antiCD4. Coimmunoprecipitation of proteins from cell lysates revealed that upon stimulation of the TCR, the CD6 expressed on primary CD4 + T cells was able to recruit SLP76 in a Latindependent manner (Fig. 6e) . Consistent with that observation, CD6 was absent from the Lat interactome (Fig. 3) , and CD6 and Lat did not precipitate together in lysates of wildtype T cells after stimulation of the TCR (data not shown). Therefore, by combining our results and those of published studies 4, 5, 23, 29, 30 , we propose a model of TCRproximal signaling in which TCR sig naling proceeds via two independent signalnucleation platforms involving the transmembrane adaptor Lat and the receptor CD6 (Supplementary Fig. 7a ). To determine whether CD6 sufficed for the phosphorylation of SLP76 in the absence of Lat, we took advantage of the finding that CD6 was not detectable at the sur face of the Latdeficient JCaM2.5CD25ζ cells ( Supplementary  Fig. 6b ). Upon crosslinking of CD25ζ, we found no tyrosine phosphorylated band for JCaM2.5CD25ζ cells at the position expected for SLP76 (Fig. 6f) . In contrast, upon reconstitution of those cells with CD6, a CD25ζinducible tyrosinephosphorylated protein of 76 kDa that corresponded to SLP76 was readily detect able (Fig. 6f) . Therefore, Lat was dispensable for the CD6-SLP 76 association, and in Jurkat T cells, CD6 was probably the only 
Limited transcription in the absence of Lat
Given the results presented above, we concluded that CD6 is at the initiation of an alternative, Latindependent signaling pathway that involves SLP76 and Vav1 and that probably contributes to the large numbers of posttranslational events that still occur after engage ment of the TCR expressed on Latdeficient CD4 + T cells [4] [5] [6] . The function of CD6 remains controversial, and it has been ascribed both stimulatory functions 23, 29, 30 and inhibitory functions 31 . To determine whether some of the transcriptional events that follow engagement of the TCR 32,33 could also be triggered via the CD6-SLP76 signaling platform in the absence of Lat, we exploited a transgenic mouse model in which the pattern of expression of Cre recombinase permitted us to delete loxPflanked genes in postthymic, mature CD4 + T cells (called 'maT-Cre mice' here). We introduced the maT-Cre transgene into mice homozygous for loxPflanked wildtype alleles of Lat that also express a human diphtheria toxin receptor (DTR) cassette placed under the control of an internal ribosome entry site (called the 'Lat fldtr allele' here) 4 . Because of the variegated expression of the maT-Cre transgene, only 50% of the peripheral CD4 + T cells underwent deletion of their loxPflanked Lat alleles (Fig. 7a and data not shown) . In CD4 + T cells without deletion of their loxPflanked Lat alleles, it was possible to detect human DTR at the cell surface through the use of specific antibodies (Fig. 7a) . Accordingly, in Lat fldtr maTCre mice, we were able to distinguish CD4 + T cells that coexpressed Lat and human DTR (Lat + hDTR + cells) from those that had lost expression of both Lat and human DTR (Lat − hDTR − cells) (Fig. 7a) . We therefore sorted Lat + hDTR + and Lat -hDTR -cells and subjected them to transcriptomic analysis before or after stimulation for 4 h with antiCD3 and antiCD28. Resting Lat + hDTR + and Lat − hDTR − CD4 + T cells expressed identical amounts of TCR at their surface and under went the same extent of TCR downregulation after stimulation with antiCD3 and antiCD28 (Fig. 7b) , which demonstrated that they had been both properly stimulated. We then generated geneexpression profiles of those cells and defined genes as having a difference in expres sion by the criteria of a multipletesting adjusted P value of <0.05 and a logarithmic increase or decrease in expression of more than onefold. Engagement of the TCR and CD28 at the surface of Lat + hDTR + CD4 + T cells resulted in substantial changes in gene expression, in that 1,545 or 1,381 genes were induced or repressed, respectively, more than twofold ( Fig. 7c and Supplementary Table 3 ). In contrast, in the absence of Lat, the transcriptional response of Lat − hDTR − CD4 + T cells to antiCD3 and antiCD28 was severely blunted, and only 35 genes were upregulated ( Fig. 7c and Supplementary Table 3) . After 4 d of stimulation via the TCR and CD28, Lat + hDTR + CD4 + T cells labeled with the cytosolic dye CFSE showed extensive division, whereas CFSElabeled Lat − hDTR − CD4 + T cells failed to proliferate (data not shown); this suggested that the kinetics of the activation and proliferation of T cell was not protracted in the absence of Lat. Therefore, in the absence of Lat, the TCR signals conveyed via the CD6-SLP76 platform resulted in limited transcriptional events (Supplementary Fig. 7b ).
Post-translational modifications induced by CD6 signaling
We next determined the functions that could be elicited by CD6 through posttranslational modifications and in the absence of Lat.
Crosslinkage of CD6 molecules expressed on Jurkat T cells has been shown to trigger phosphorylation of the serinethreonine kinase Erk 34 . Comparison of Latsufficient and Latdeficient Jurkat T cells that expressed CD6 showed that CD6mediated activation of Erk occurred regardless of the presence or absence of Lat (Fig. 7d) . Therefore, the CD6 signaling pathway operating in Jurkat cells was able to induce the phosphorylation of Erk in a Latindependent manner. CD6 also participates in assembly of the immunological synapse that forms at the interface between T cells and antigenpresenting cells. Blocking the interaction between CD6 and its ligand ALCAM (CD166) partially blocks the formation of TCRinduced T cellantigenpresenting cell conjugates 30 . To determine whether CD6 was essential for the formation of such conjugates in the absence of Lat, we incubated wildtype CD4 + T cells and Latdeficient CD4 + T cells with activated ALCAM + B cells in the presence or absence of anti CD3. Activation via the TCR increased the number of T cell-B cell conjugates regardless of the presence or absence of Lat (Fig. 7e) . npg an ALCAMspecific antibody only slightly diminished the number of T cell-B cell conjugates (Fig. 7e) , an observation consistent with a published report 30 ; this was probably due to the predominant role of the TCRLat axis in the attachment of T cells to B cells via integrin activation 35 . In contrast, for Latdeficient CD4 + T cells, the increase in the number of T cell-B cell conjugates triggered by engagement of the TCR was totally blocked by the antibody to ALCAM (Fig. 7e) , which suggested that under these conditions, CD6 was essential for the TCR triggered formation of T cell-B cell conjugates and was able to deliver TCRmediated signals regardless of the absence of Lat. Therefore, despite its limited transcriptional role, the TCRCD6 signaling axis served an important role in the formation of T cell-B cell contacts and in Erk activation in a manner parallel to and independent of that of the TCRLat axis.
Proteins newly identified as part of the Zap70-Lat-SLP-76 network Among the interacting proteins found here in the Zap70-Lat-SLP76 network, 25% have been noted before in published analyses of human or mouse T cells (Supplementary Figs. 5b and 8 and Supplementary Table 2 ). Among the majority of the newly identified proteins we found in the Zap70-Lat-SLP76 protein network ( Fig. 3 and Supplementary Table 1) , some have been shown to participate in the responsiveness of T cells to cytokines (STAT1) or chemokines (DOCK2), and their role in the TCRproximal signaling cascade thus remains to be determined. Others have never been observed in the context of TCR signaling, to our knowledge; these included tran scription regulators (TARDBP and Zc3hav1), transporters (ATP1B3, SLC25A12 and KPNB1), a putative RasGTPaseactivating protein (RASAL3) and molecules involved in protein folding and degra dation (Cand1, Ecm29 and PSMC4). Notably, TMEM73 (STING), a central adaptor for the sensing of cytosolic DNA 36 , associated with LatOST in a TCRinducible manner (Fig. 3 and data not shown) . Collectively, our analysis identified 65 proteins not associated before with the Zap70-Lat-SLP76 network and thus should provide cues for future functional experiments.
DISCUSSION
In this study we combined mouse genetics with quantitative mass spectrometry to investigate the organization of the Zap70-Lat-SLP 76 signaling network after the activation of primary CD4 + T cells. We found that this network consisted of 90 proteins and of 112 highconfidence interactions, most of which have not been reported before, to our knowledge. We also determined the temporal organi zation of the Zap70-Lat-SLP76 signaling network at four time points covering 300 s after T cell activation with pervanadate. Given that pervanadate is a potent inhibitor of tyrosine phosphatases, it remains to be determined whether more transient dynamics of interaction occur in response to physiological stimulation via the TCR due to the unabated action of tyrosine phosphatases. Along the same lines, introducing transgenically expressed TCRs onto the Zap70 OST , Lat OST and Slp76 OST mice will allow the use of triggers of increasing biological complexity and physiological relevance, such as antigen pulsed dendritic cells. Subsequent functional studies on the basis of our proteomics data suggested a model for the Latindependent recruitment of SLP76 to the membrane after activation via the TCR. According to this model, TCR signaling bifurcates at the level of the plasma membrane via two scaffold proteins. The first corresponds to Lat and was identified more than a decade ago, whereas the second, previously unappreciated, signaling scaf fold relies on CD6 and functions in a Latindependent manner. Consistent with that proposed role, CD6 is expressed on the surface of all T cells and functions both for adhesion and as a costimula tory receptor 29, 30, 37 . Blocking the interaction between CD6 and its ligand results in diminished proliferation in response to antiCD3 and antiCD28 (refs. 23,29,30,37) . Notably, a spliced isoform of CD6 that lacks the ALCAMbinding domain and is not incorporated into the immunological synapse has been associated with susceptibility to multiple sclerosis 38, 39 . In contrast to the studies noted above, another published report has suggested that CD6 serves mainly a negative regulatory role during T cell activation 31 .
In the absence of Lat, many components of the TCR signaling path way, including SLP76, are still phosphorylated after engagement of the TCR, in a manner that is functionally relevant and results, for exam ple, in activation of the serinethreonine kinases Akt and PKCθ [4] [5] [6] . However, our transcriptomics analysis of Latdeficient CD4 + T cells showed that the many TCRmediated posttranslational acti vation events that occurred in the absence of Lat had limited tran scriptional consequences. Moreover, we found that in the absence of Lat, despite its limited transcriptional role, CD6 was able to integrate TCRmediated signals essential for formation of T cell-antigen presenting cell conjugates. Along the same lines, future studies should determine whether the existence of a CD6based signaling axis that is TCR inducible and Lat independent explains the paradoxical find ing that Latdeficient cytotoxic T cells are still able to kill target cells through the release of preformed granules 6 . Therefore, the CD6 signaling pathway seems to be involved mainly in the regulation of transcriptionindependent events. In terms of transcriptional activa tion, Lat thus remains an essential and nonredundant component of the TCR signaling pathway, as only Lat is able to elicit most of the transcriptional responses triggered by the TCR.
The activation of natural killer (NK) cells can be triggered by various activating receptors that associate with ITAMcontaining adaptors. Akin to T cells, in NK cells, recruitment of SLP76 to the plasma membrane after the ligation of ITAMbearing receptors was thought to be solely mediated via Lat and its homolog, Lat2. Lat2 is not expressed in mouse T cells 40 and thus could not have participated in the Latindependent recruitment of SLP76 we documented here. Notably, a published study has demonstrated that ITAMtriggered functions of NK cells, including cytokine production, degranulation and proliferation, occur through at least two distinct signaling path ways that both rely on SLP76 (ref. 41) . While the canonical pathway uses Lat and Lat2 to recruit SLP76 to the plasma membrane, the alternative LatLat2-independent signaling pathway relies on a mol ecule in the plasma membrane whose identity remains to be deter mined. Therefore, such unexpected bifurcation of ITAMmediated membraneproximal signaling occurs both in NK cells and T cells and relies on mechanisms that are dependent on and independent of the Lat family. Given that CD6 is not expressed in mouse NK cells (according to the database of the Immunological Genome Project), the molecule that triggers the Lat family-independent functions observed in NK cells remains to be identified.
In conclusion, our study has illustrated the power of APMS to retrieve, in an unbiased manner, global information on how proteins involved in the propagation of TCR signaling are organized into functionally interacting complexes. Our work will provide the basis for future functional studies of the mechanisms that underlie signal processing in activated T cells. We have demonstrated the usefulness of this proteomics data by subsequent functional experiments that established that in both human Jurkat cells and mouse primary CD4 + T cells, CD6 constituted a signaling scaffold that permitted the deliv ery of TCR signals via the Latindependent recruitment of SLP76. That is different from a previously established model suggesting that npg the TCR uses a single signaling scaffold consisting of Lat molecules. The conditional deletion of CD6 in peripheral T cells will permit eval uation of the relative contributions of the canonical, Latdependent pathway and of the CD6dependent pathway identified in our study here. The initial series of genetargeted mice we have developed to provide proof of concept for the APMS analyses of endogenous sig naling complexes expressed in primary T cells is readily 'scalable' . In future studies, the possibility of subjecting these mice to targeted genetic or pharmacological manipulation should permit measure ment of the effect of a given mutation or a drug on the activation of primary T cells at the systemic level with unprecedented resolution.
METHODS
Methods and any associated references are available in the online version of the paper.
Accession codes. GEO: microarray data, GSE49507. fluorescence was recorded with an LSR II (Becton Dickinson) before the addi tion of a biotinylated antiCD3 (2C11; BD Biosciences). Crosslinking of TCR CD3 complexes was induced by the addition of avidin. Calcium fluxes were determined for gated CD4 + and CD8 + cells. As a control, cells were stimulated with ionomycin. CD4 + T cell isolation and short-term population expansion. CD4 + T cells were purified from pooled lymph nodes and spleens with Dynabeads Untouched Mouse CD4 + T cell kits (Life Technologies) to a cell purity of over 95%. Populations of purified CD4 + T cells were briefly expanded with plate bound antiCD3 (1452C11; American Type Culture Collection) and soluble antiCD28 (3751; American Type Culture Collection). After 48 h of culture, CD4 + T cells were harvested and then were grown for 48 h in the presence of IL2 (510 U/ml) before stimulation.
Stimulation and lysis of CD4 + T cells. CD4 + T cells (100 × 10 6 ) from Zap70 OST , Lat OST , Slp76 OST and wildtype mice were left unstimulated or were stimulated at 37 °C with pervanadate or antibodies. Pervanadate stock solution were made by mixture 7.6 volumes of water with 1.9 volumes of hydrogen peroxide (10 mM final concentration) and with 0.5 volume of sodium orthovanadate (100 µM final concentration), followed by maintenance for 15 min at 20 °C before addition to CD4 + T cells. For stimulation with antibodies, CD4 + T cells were incubated on ice with antiCD3 (0.2 µg per 10 6 cells; 1452C11; American Type Culture Collection) and antiCD4 (0.2 µg per 10 6 cells; GK1.5; American Type Culture Collection), followed by one round of washing at 4 °C and then crosslinkage for 2 min at 37 °C with purified rabbit antirat (0.4 µg per 10 6 cells; 312005045; Jackson Immunoresearch). Stimulation was stopped by the addi tion of twiceconcentrated lysis buffer (100 mM Tris, pH 7.5, 270 mM NaCl, 1 mM EDTA, 20% glycerol and 0.2% ndodecylβmaltoside) supplemented with protease and phosphatase inhibitors. After 10 min of incubation on ice, cell lysates were centrifuged at 20,000g for 5 min at 4 °C. Postnuclear lysates were used for affinity purification or immunoblot analysis. AntiZap70 (2705; Cell Signaling Technology), antiSLP76 (4958; Cell Signaling Technology), antibody to phosphorylated tyrosine (4G10; Millipore), antiLat (06807; Millipore), antiGADS (06983; Millipore) and antiCD6 (H300; Santa Cruz Biotechnology) were used for immunoblot analysis.
CD6-mediated Erk activation. CD6 molecules at the surface of E6.1CD25ζ CD6 and JCaM2.5CD25ζCD6 cells were crosslinked with antiCD6 (5 µg/ml; SPVL14; Life Sciences). Activation of Erk1Erk2 was assessed by immunoblots with phosphospecific antibodies to Erk1Erk2 phosphorylated at Thr202 and Tyr204 (Cell Signaling Technology).
Conjugate assay. Total splenocytes (mainly B cells) from Cd3e ∆5/∆5 mice 46 were incubated for 16 h with 2.5 µg/ml of antiCD40 (FGK45.5; Miltenyi Biotec) and then were stained with CellTrace Violet (Life Technologies). Latdeficient (Lat ∆/∆ ) and wildtype (Lat +/+ ) CD4 + T cells were labeled with PKH26 (Sigma Aldrich) and were incubated for 1 h at 37 °C with equal number of CellTrace Violet-labeled splenocytes in the presence of antiCD3 (10 µg/ml) and in the presence or absence of antiALCAM (10 µg/ml; 105901; R&D Systems). After disruption of nonspecific cell aggregates via pipetting of cell suspensions twice, cells were fixed with 1.5% paraformaldehyde and analyzed by flow cytometry. The percentage of conjugates was defined as the number of doublepositive events (CellTrace Violet-positive, PHK26 + ).
Affinity purification of protein complexes. Postnuclear lysates were incub ated for 1.5 h at 4 °C on a rotary wheel with equal amounts of prewashed StrepTactin Sepharose beads (IBA GmbH). Beads were then washed five times with 1 ml of lysis buffer in the absence of detergent and protease and phosphatase inhibitors. Proteins were eluted from the StrepTactin Sepharose beads with 2.5 mM dbiotin. For removal of dbiotin, samples were precipi tated with trichloroacetic acid, washed three times with acetone, airdried and resolubilized in 50 µl 8 M urea in 50 mM NH 4 HCO 3 , pH 8.8. Cysteine bonds were reduced by incubation for 30 min at 37 °C with 5 mM TCEP and were alkylated by incubation for 30 min at 20 °C in the dark with 10 mM iodoaceta mide. Samples were diluted to a final concentration of 1.5 M urea with 270 µl of a 50mM solution of NH 4 HCO 3 and were digested overnight at 37 °C with 1 µg trypsin (Promega). Peptides were purified with C18 microspin columns according to the manufacturer's instructions (The Nest Group) and were resolved in 0.1% formic acid and 1% acetonitrile for mass spectrometry.
Tandem mass spectrometry. An LTQ Orbitrap XL (Thermo Fisher Scientific) was used for liquid chromatography-tandem mass spectrometry. Tryptic pep tides were separated by reversephase chromatography with a Proxeon EASY nLC II liquid chromatography system (Thermo Fisher Scientific) connected to an RPHPLC column (75 µm × 10 cm) packed with Magic C18 AQ (3µm) resin (WICOM International). Peptides were eluted with 0.1% formic acid and 98% acetonitrile (solvent B) as the mobile phase, following a linear gradient from 5% to 35% over the stationary phase (solvent A: 0.1% formic acid and 98% acetonitrile) at a flow rate of 300 nl/min. The dataacquisition mode was set to obtain one highresolution mass spectrometry scan in the Orbitrap (60,000 at 400 m/z) and to select the ten most abundant ions for collision induced fragmentation, with omission of unassigned or singlecharge states. The dynamic exclusion window was set to 30 s and was limited to 300 entries. Only mass spectrometry precursors that exceeded a threshold of 150 ion counts were allowed to trigger tandem mass spectrometry scans. The ion accumulation time was set to 500 ms (mass spectrometry) or 250 ms (tandem mass spectrometry) with a target setting of 10 6 ions (mass spectrometry) or 10 4 ions (tandem mass spectrometry). The resulting tandem mass spectrometry fragment ion spectra were acquired in the linear trap quadrupole. A pep tide reference sample containing 200 fmol of human [glu1]fibrinopeptide B (SigmaAldrich) was routinely analyzed between every four samples to monitor the performance of the liquid chromatography-tandem mass spectrometry system. Protein identification. X!Tandem software for matching tandem mass spec tra with peptide sequences 47 was used to search acquired spectra against the canonical mouse proteome reference data set (of the UniProt database), including the corresponding reverse decoy sequences for all entries. The search parameters were set to include only fully tryptic peptides (KR/P) contain ing up to two missed cleavage sites. Carbamidomethyl (+57.021465 Da) on cysteine was set as static peptide modification. Oxidation (+ 15.99492 Da) of methionine and phosphorylation (+79.966331 Da) of serine, threoine and tyrosine were set as dynamic peptide modifications. The precursor mass tol erance was set to 25 p.p.m., and the fragment mass error tolerance was set to 0.5 Da. The peptide spectrum matches obtained were evaluated statistically with the PeptideProphet program for confirming peptide assignments to tan dem mass spectrometry spectra, and protein inference was evaluated by the ProteinProphet program for confirming protein identifications made on the basis of peptides assigned to tandem mass spectrometry spectra (both part of the TransProteomic Pipeline collection of integrated tools, version 4.5.1) 48 . A minimum protein probability of 0.9 was set to match a falsediscovery rate of <1%. The resulting pep.xml and prot.xml files were used as input for the software tool Abacus for the calculation of spectral counts and normalized spectral abundance factor values 49 .
Filtering of nonspecific binding proteins. Adjusted normalized spectral abun dance factor values of identified proteins were compared with those of a set of control purifications from wildtype CD4 + T cells that lacked expression of any OSTtagged proteins. Protein abundance was estimated by the average normal ized spectral abundance factor value for each protein. To pass highconfidence filtering, interactors had to show enrichment five times greater than the control and had to be observed in at least two of three replicates. Proteinprotein inter action networks were visualized with Cytoscape software (version 2.8.3).
Label-free quantitative analysis. The highconfidence interacting proteins obtained were quantified by the sum of the corresponding precursor ion inten sities through the use of the commercial software tool progenensis (Nonlinear USA). Abundance values were normalized to the total ion current. For compari son of dynamic changes in the timeresolved interactome, each quantified pro tein was normalized toward its highest value in the timecourse experiment.
Cell lines and reagents. The Jurkat E6.1 Tcell line and its Zap70deficient variant P116 and Latdeficient variant JCaM2.5 were provided by A. Weiss.
A chimeric cDNA construct encoding the extracellular and transmem brane regions of human CD25 linked to the cytoplasmic region of mouse CD3ζ ('CD25ζ') has been described 50 . Fulllength cDNA encoding a pro tein corresponding to the largest isoform of human CD6 (CD6201 Ensembl ENST000003440287) was isolated from Jurkat cells by reverse transcrip tion and was cloned into the pEF6 vector (Life Technology). Stable trans fectants expressing CD25ζ chimeric constructs and human CD6 molecules were obtained by electroporation of Jurkat cells and were sorted based on their expression of CD6 or CD25ζ. Stimulating antiCD25 (7G7) was from Millipore. AntiZAP70 (2705; Cell Signaling Technology), antiSLP76 (4958; Cell Signaling Technology), antiLat (06807; Millipore), antiGADS (06983; Millipore), antiCD6 (H300; Santa Cruz Biotechnology) and antibody to phos phorylated tyrosine (4G10; Millipore) were used for immunoblot analysis.
Transcriptional profiling and data analysis. Samples of cells from pooled lymph nodes and spleen of Lat fldtr mice expressing the maTCre transgene were subjected to depletion of B cells with a mixture of antiB220 (RA36B2; American Type Culture Collection) and antibody to major histocompatibility complex class II (M5/114; American Type Culture Collection) and sheep anti-rat immunoglobulin microbeads (Invitrogen). T cell samples that had been depleted of B cells were left unstimulated or were stimulated for 4 h in sixwell culture plates coated with antiCD3 (3 µg/ml; 2C11; American Type Culture Collection) in the presence of soluble antiCD28 (1 µg/ml; 3751; American Type Culture Collection). Cells were then labeled with antiCD4 (RM45; BD Biosciences), antiCD8 (536.7; BD Biosciences), antiCD62L (MEL14; BD Biosciences), antiCD69 (H1.2F3; BD Biosciences) and anti human DTR (HBEGF; R&D systems) and were sorted with a FACSAriaII (Becton Dickinson). SYTOX Blue was used to discriminate dead cells from living cells. Unstimulated and stimulated CD4 + T cells were sorted into hDTR + and hDTR − fractions with a cell purity of over 95%. RNA was prepared with an RNeasy Plus Mini Kit (Qiagen). Up to 1 × 10 6 cells were sorted, which yielded 250-1,500 ng of RNA; the quality of that RNA was verified on a Bioanalyser 2000 Agilent. Samples were then frozen and sent to the Turku Centre for Biotechnology for transcriptional analysis. 100 ng of total RNA was pro cessed and then was hybridized onto a GeneChip Mouse Gene 1.1 ST 24 plate (Affymetrix). Raw microarray data were normalized with the robust multiarray average algorithm 51 as implemented in the Bioconductor suite. Duplicate and unannotated probesets were removed with the genefilter package in software of the R project for statistical computing (version 1.38.0). For duplicates, the probe set with the highest interquartile range was retained. Present and absent 'calls' for probe sets were generated by fitting of the chipwide expression data to a twocomponent Gaussian distribution function with the standard expectationmaximization algorithm implemented in the mixtools package in R software. A probe set was defined as being 'present' if the corresponding data point had a higher likelihood for the Gaussian component with higher mean value 52 . A paired, moderated ttest, as implemented in limma in R software 53 , was used for analysis of differences in expression. A gene was considered to have a difference in expression if its BenjaminiHochberg adjusted P value was <0.05 and a logarithmic increase or decrease in expression of over onefold.
